The Escherichia coli SMC complex, MukBEF, acts in chromosome 
Inset centre shows a cartoon of a typical SMC-kleisin tripartite ring.
Results

The MukF N-terminal domain interacts with the MukB neck
Because of the intriguing distinction between dimeric MukF and monomeric kleisins (Figure 1 (Figure 2B bottom right panel).
We conclude that helices 8 and 9 of the 4-helix bundle are sufficient for interaction with the MukB neck. Helix 9 is essential either because it interacts with the neck, or because it is required for proper folding of the helix 8-9
polypeptide. Whether such complex is generated at any stage of MukBEF activity cycle remains to be determined.
MukE inhibits MukBF ATPase
MukE showed a concentration-dependent inhibition of MukF-activated MukB 
DNA binding to MukB relieves MukE-mediated ATPase inhibition
Previous reports have shown no effect of DNA on the ATPase of MukBEF doesn't bind to FN2, which lacks the middle region ( Fig. 7 supplementary figure 1) . ( 
Two independently regulated ATPases in asymmetric MukBF complexes
The work reported here provides new insight into how kleisin interaction with the SMC heads leads to an asymmetric complex that has two putative independently controlled ATPases, one activated by the kleisin C-terminal 
Materials and Methods
Protein Purification
MukB, MukB H, MukB HN , MukE, were 6xHis-tagged at the C-terminus, while
MukF and its C-and N-terminal truncations were 6xHis-tagged at the Nterminus and were expressed from plasmid pET21 and pET28, respectively in C3013I cells (NEB). 2L cultures were grown in LB with appropriate antibiotics at 37°C to A 600~0 .6 and induced by adding IPTG at final concentration of 0.4 mM. After 2 hours at 30°C, cells were harvested by centrifugation, resuspended in 30ml lysis buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 5%glycerol, 10 mM imidazole) supplemented with 1 tablet of protease inhibitor (PI), and homogenized. Cell debris was removed by centrifugation and clear cell lysates were mixed with 5 ml equilibrated TALON Superflow resin, poured into a column, then washed with 10 X volume of washing buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol, 25 mM imidazole, PI).
Bound proteins were eluted in elution buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 5% glycerol, 250 mM imidazole). The fractions from TALON were diluted to 100 mM NaCl buffer and injected to HiTrapTM Heparin HP column (GE Healthcare) pre-equilibrated with Buffer A (50 mM HEPES pH 7.5, 100
mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM DTT), then the column was washed at 1 ml/min flow rate until constant UV280. Purified fractions were eluted with a gradient 100-1000 mM NaCl.
For MukE and MukF purifications, fractions from Talon were diluted and injected to HiTrap DEAE FF column (GE healthcare) pre-equilibrated in Buffer A. Purified fractions were eluted with a gradient 100 -1000 mM NaCl.
Protein concentration was estimated by UV absorption at 280 nm on Nanodrop spectrophotometer, and protein purity and identity confirmed by electrospray ionization mass-spectrometry and SDS PAGE. Proteins were aliquoted and stored at -20°C in a buffer containing 10% glycerol.
ATP Hydrolysis Assays
ATP hydrolysis was analysed in steady state reactions using an ENZCheck
Phosphate Assay Kit (Life Technologies). 150 µL samples containing standard reaction buffer supplemented with 2 mM of ATP were assayed in a BMG Labtech PherAstar FS plate reader at 25 0 C. The results were computed using MARS data analysis software. Quantitation of phosphate release was determined using the extinction coefficient of 11,200 M -1 cm -1 for the phosphate-dependent reaction at 360 nm at pH 7.0.
Size Exclusion Chromatography and Multi-Angle Light Scattering (SEC-
MALS)
Purified proteins were fractionated on a Superose 6 10/300 GL or a Superose 12 10/300 column equilibrated with 50 mM HEPES, pH 7.5 buffer containing 100 mM NaCl, 1 mMDTT, 1 mM EDTA, at flow rate of 0.5 ml/min. 500 µl samples containing analysed proteins were injected on the column and run at a flow rate of 0.5 ml/min. SEC-MALS analysis was performed at 20°C using a Shimadzu (Kyoto, Japan) chromatography system, connected in-line to a
Heleos8+multi-angle light scattering detector and an Optilab T-rEX refractive index (RI) detector (Wyatt Technologies, Goleta, CA). Protein samples in 50 mM HEPES pH 7.5, 100 mM NaCl, 1mM DTT, 1mM EDTA, 10% glycerol, were injected in this system, and the resulting MALS, RI and UV traces processed in ASTRA 6 (Wyatt Technologies).
Pull-down Assays
MukF FLAG-tagged fragments were expressed from pET DUET plasmids in C3013I cells (NEB).1L cultures were grown in LB with carbenicilin (100 µg/ml) at 37°C to A 600~0 .6 and induced by adding IPTG to a final concentration 0.4 mM. After 2 hours at 30°C, cells were harvested by centrifugation, resuspended in 30ml lysis buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 5%glycerol, 10 mM imidazole) supplemented with 1 tablet of protease inhibitor (PI), and homogenized. Cell debris was removed by centrifugation and clear cell lysates were mixed with 150 µl Anti-FLAG M2 Affinity gel (Sigma Aldrich), incubated for 1 hr at 4°C. The resin was then washed 3 times with the same buffer containing 250 mM NaCl, resuspended in 1ml of buffer I (50 mM HEPES pH 7.5, 100 mM NaCl), and purified MukB, MukB H or MukB HN were added. After 45 min incubation (4°C) the resin was washed 3 times, resuspended in 200 µl of protein loading buffer (NEB) and analyzed on 4-20% gradient SDS PAGE.
Mutagenesis
Point mutations in plasmid-encoded genes were made using Q5 Site-Directed Mutagenesis Kit (NEB). Primers were designed with NEBase Changer.
10 ng of the template was taken to the reaction. Plasmids were isolated and mutations confirmed by sequencing.
Complementation assays
The ability of leaky plasmid-encoded MukB expression from pET21, in the absence of IPTG, to complement the temperature-sensitive growth defect of ∆mukB AB1157 cells at 37 0 C in LB was assayed. Cells were transformed with pET21 carrying MukB or MukB variants and allowed to recover for 8 hr post transformation at permissive temperature then plated in duplicates on LB plates containing carbenicillin (100µg/ml). One plate was incubated at nonpermissive (37 0 C) and the other one at permissive (20 0 C) temperature. Six colonies from plates incubated at permissive temperature were streaked in duplicate and grown at permissive and non-permissive temperature along with positive and negative controls.
Analysis of MukBEF function in vivo
Strains were streaked onto LB plates with appropriate antibiotics. Single colonies were inoculated into M9 glycerol (0.2%) and grown overnight at 37ºC to A 600 0.4-0.6, then diluted into fresh M9 and grown to A 600 0.1. Cells were spun and immobilized on agarose pads between two glass coverslips (1.5 thickness). 1% agarose pads were prepared by mixing low-fluorescence 2% 
Fluorescence Correlation Spectroscopy (FCS)
FCS was carried out on a ConfoCor 2 system (Carl Zeiss). The 633nm line of a HeNe laser was directed via a 488/561/633 dichroic mirror and focused with a Zeiss C-Apochromat 40Å~ NA 1.2 water immersion objective to excite experimental samples containing Cy5. Fluorescence emission was collected using a 655-nm long pass filter and recorded by an avalanche photodiode.
The pinhole diameter was adjusted to 83μm (one Airy unit), and the pinhole position was optimized with use of the automatic pinhole adjustment for Cy5.
All FCS experiments were carried out in Lab-Tek (Nagle Nunc International) eight-well chambered borosilicate glass plates at 22 ± 1 °C. In the assay, diffusion of Cy5-labelled FN2 and FN10 fragments at fixed concentrations 
